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H I G H L I G H T S  
� A flexible recyclable supercapacitor using ordinary materials and simple method. 
� Excellent performance and recyclability derived from non-traditional composition. 
� Structural differences lead to high utilization and extensible. 
� Raw materials, methods and recyclability facilitate industrialization.  
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A B S T R A C T   
A new type of recyclable flexible solid-state supercapacitor with good electrochemical performance and folder 
ability is produced through a facile method. Polyvinylidene fluoride - acetylene black - polyethylene glycol - 
polyaniline (PVDF-AB-PEG-PANI) film electrode with excellent processability and tailorability is prepared by 
casting strategy, which uses large amount of PVDF as film former. The new electrode has good performance with 
excellent flexibility (dr < 1 mm and capacity retention 97.4 % after folding 1000 times) and electrochemical 
performance (It can utilize the active substance efficiently that it closes to the theoretical value, with high areal 
capacitance of 890.44 mF cm  2 and volumetric capacitance of 89.04 F cm  3). A capacitance retention of 72.5 % 
is obtained for the supercapacitor based on this electrode after 5000 charging/discharging cycles, even poly-
aniline is synthesized by conventional method. The most interesting thing is that, the supercapacitor based on 
this electrode can easily be recycled and reused (capacity retention 97.1 % after 4 recycle times).   
1. Introduction 
The demands for wearable devices are increasing, with the devel-
opment of mobile communication and information technology, espe-
cially portable consumer electronic devices and biomedical micro- 
devices. As an important part of wearable devices, new flexible super-
capacitors have attracted more and more attention, for energy storage 
and functional requirements [1–11]. As one of the promising energy 
storage devices and high-power component for portable functional in-
tegrated electronics, flexible supercapacitors should have deformable 
structure, excellent safety, peculiarity of controlled size, and 
comfortable attachment to human body, and so on [12,13]. 
In most of the flexible electrodes, noble metals such as Au or Pt is 
usually used as a conductive agent for good conductivity and chemical 
inertness, while conductive polymers, such as polyaniline (PANI), poly 
(3,4-ethylenedioxythiophene)(PEDOT), polypyrrole (PPy) and carbon 
materials, graphene, carbon nanotube, are usually act as active sub-
stances. Meanwhile, most of flexible electrodes have layered structure in 
macrostructure with obvious interface between the matrix, conductive 
agent and active materials. Maeng et al. reported an all-solid-state 
flexible microsupercapacitors (MSCs) based on 3D interdigital micro-
cavity PANI electrodes with embedded microcavity arrays, which were 
prepared by a plasma-assisted reactive ion etching process. They fabri-
cated the flexible supercapacitor by electrochemical polymerization of 
PANI nanofiber on a Ti/Au current collector layer [10]. Wang et al. 
reported an all-solid-state paper-based flexible MSCs. They covered a 
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layer of gold foil on the common printing paper, which were soaked in 
polyvinyl alcohol (PVA), followed by the coating of PANI through 
electrical polymerization [14]. Klaus Müllen et al. reported an 
all-solid-state flexible MSCs based on direct printing techniques by 
spraying a conductive ink of graphene and PEDOT:PSS on the ultrathin 
polyethylene terephthalate (PET) substrates [15]. Such layered struc-
ture will bring some troubles and deficiencies. For example, it is very 
difficult to increase the capacitance by increasing the thickness of the 
active substance. The thicker active substance layer results in the weaker 
interaction between the current collect and the lateral active substance, 
as well as leading to larger resistance inside the supercapacitor and the 
lower efficiency of the active material. Moreover, the thick active layer 
may easily fall when the electrode is fold up, resulting in the poor sta-
bility and extensibility of flexible electrodes. 
In general, some problems of the flexible electrodes listed above may 
be caused by the superposition of two-dimensional layered structures of 
different functional layers. Therefore, if the dimension is broken by 
building the each functional layers in three dimensions and blurring the 
interfaces of each functional layer, the electrodes may take good 
changes in performance. Structurally, it is obvious that electrodes with 
blurred layered structures are easier to be reused. This is more in 
compliance with the second law of thermodynamics. 
As we know that, Au is noble metal and graphene is hard to manu-
facture now, and some of the preparation methods for flexible super-
capacitors are difficult to achieve large-scale production. Meanwhile, as 
a flexible wearable device, although its strength and flexibility should be 
strengthened to ensure that it is not damaged in the course of use, ac-
cidents may occur. The increasing scarcity in natural resources, huge 
amounts of electronic waste, and high cost of production resulted from 
the use of expensive materials and complex-manufacturing methods, all 
of these will impose a great burden on the environment and energy. But 
the recyclability of the flexible supercapacitors have rarely been dis-
cussed if they were damaged or discarded. The recycling of waste 
electronic equipment becomes valuable and meaningful. We should also 
pay attention to this problem. 
The preparation of supercapacitors using PANI as active material 
[16–24], acetylene black (AB) as conductive agent, and polyvinylidene 
fluoride (PVDF) as binder is a conventional method. PANI:PVDF: 
AB ¼ 80:10:10 is a familiar and universal proportion [25]. Normally, as 
the conductive agent and binder, AB and PVDF are considered as 
non-active materials. Thus it is widely believed that the mass fractions of 
AB and PVDF should be reduced to a value as low as possible to increase 
the energy density of the supercapacitors and battery [4,26]. However, 
as a very common and stable plastic, PVDF can be used as a substrate to 
fabricate a flexible self-supported supercapacitor electrode. Meanwhile, 
a substantial increase in the amount of AB will greatly enhance the 
conductivity of the electrode. 
Inspired by all the above, a new type of recyclable flexible solid-state 
supercapacitors consisting of PVDF-AB-PEG-PANI was fabricated by a 
simple casting strategy. Notably, the proportion of PVDF-AB-PEG-PANI 
is quite different from the conventional ones. In this research, PVDF 
becomes the main body of the flexible electrode, and it is more than 60 
% in mass percentage. AB, still as a conductor here, and it is more than 
20 % in mass percentage. The addition of hydrophilic polyethylene 
glycol (PEG) significantly enhances the electrochemical performance. As 
a result, high active material utilization, excellent electrochemical per-
formance, good fold flexibility can be obtained. In addition, the as- 
prepared supercapacitor can be easily recycled and reused. 
2. Experimental section 
2.1. Materials 
Ammonium persulfate (APS), sulfuric acid, N,N-Dimethylformamide 
(DMF), aniline, hydrochloric acid, ammonia were in analytical grade 
(AR) and purchased from Chinese Medicine Group Chemical Reagent 
Co., Ltd, and were used as received except aniline. Polyethylene glycol 
(Mw 2000), PVA were purchased from Chinese Medicine Group Chem-
ical Reagent Co., Ltd. PVDF, AB and carbon paper were purchased from 
Tianjin Aiweixin Chemical Technology Co., Ltd. Aniline was purified by 
reduced pressure distillation to obtain a yellowish purified aniline 
liquid. 
2.2. Synthesis of polyaniline 
PANI was synthesized as follows [27]: First, 30.0 mL (0.329 mol) 
aniline and 320 mL of 1.0 molL  1 hydrochloric acid were added into a 
1.0 L flask at 0 �C. 70.0 g (0.306 mol) ammonium persulfate was dis-
solved in 200 mL of 1.0 molL-1 hydrochloric acid solution and dropwise 
(at a speed of 20 mLh  1) into the above systems with a constant stirring. 
After 24 h of reaction, the product was filtered and washed with 
de-ionized water, ethanol for several times until the filtrate was colorless 
to get the dark green product. Some of the products was soaked to 1 
molL-1 ammonia, and then washed with de-ionized water, ethanol for 
several times until the filtrate colorless to get dark blue solid. Dried at 
60 �C for 24 h in vacuum to obtain intrinsic PANI（FT-IR in Fig. S1） 
powder the end. All experiments were performed only using intrinsic 
polyaniline (emeraldine base). 
2.3. Film and electrode preparation 
PVDF powder, AB, PEG, PANI powder were poured into a reagent 
bottle with lid according to certain weight ratio. Then the appropriate 
amount of DMF was added to the bottle (for example: electrode F, 
0.5170 g PVDF, 0.1720 g AB, 0.0504 g PANI, 0.1008 g PEG, 8.5 mL 
DMF). The mixture was heated at 80 �C and stirred more than 12 h to 
form a pasty liquid (ultrasound the mixture 30 min is much better). Then 
the mixture was poured onto a flat glass Petri dish and spread out. By 
heating the dish up, the solvent evaporated, and then a sheet of plastic 
film was obtained (Fig. 1a). 
The plastic film was cut into the appropriate size by using scissors 
(Fig. 1b), knives or laser. Carbon paper (or carbon fiber) as a wire was 
connected to the plastic film by using DMF (or conductive silver paste) 
as binders. 
Measurement of the film’s density: films with thickness close to 
0.1 mm were selected and cut into a certain length and width (di-
mensions of several centimeters), and measured the corresponding 
weight. 
2.4. Fabrication of flexible supercapacitor 
Three-electrode cell: The plastic film connected by carbon paper (or 
carbon fiber) was used as working electrode with platinum sheet as 
counter electrode and saturated calomel electrode (SCE) as reference 
electrode. 1 molL-1 H2SO4 was used as electrolyte. 
Flexible solid-state supercapacitor: Two electrodes with the same 
size were clamped in the middle of the PET films. The solid electrolyte 
was the mixture of 15 % (W/V) PVA in 1 molL-1 H2SO4. The electrodes 
and the solid electrolyte were sealed between the two pieces of PET 
plastic sheet. Both ends of the two electrodes were connected by copper 
foil. One electrode acted as the working electrode, the other electrode 
was the counter electrode and reference electrode (Fig. 4f). 
2.5. Recycling of electrode 
2.5.1. Recycling of single electrode 
A electrode piece made from plastic film and a strip of carbon paper 
were cut. A groove was pressed over the bottom half of the carbon paper 
and the electrode sheet was attached to the carbon paper by DMF (Fig. 5 
0b). The electrode was tested by the galvanostatic charge/discharge 
(GCD) using above three-electrodes system. After testing, the electrode 
was cleaned/soaked in de-ionized water for 4 h and dried at 80 �C for 
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30 min. Then the carbon paper was heated at 80 �C, and the film was 
dissolved to form a slurry by the DMF. After simply stirring by a needle, 
the slurry in the groove was dried by heating. Then the electrode was 
imprisoned in ethanol for several seconds and washed by with de- 
ionized water. After soaking in electrolyte for more than 12 h, the 
electrode was reused for GCD test. The above processes were repeated 4 
times (Fig. 5 Upper). 
2.5.2. Recycling of electrode film 
The whole electrode film was soaked in electrolyte more than 10 h 
and cleaned/soaked in de-ionized water for 3 h and dried at 80 �C for 
30 min. Then it was tore and put into the bottle and appropriate amount 
of DMF was added to the bottle. The mixture was heated at 80 �C and 
stirred more than 10 h to form a pasty liquid. Then the mixture was 
poured onto a flat glass Petri dish and spread out. By heating the dish up, 
the solvent was evaporated, and then a sheet of plastic film is obtained. 
Above programs were repeated 4 times (Fig. 5 Lower). 
2.6. Characterization 
The morphologies of the electrodes were characterized by a SU-70 
scanning electron microscopy (Hitachi, Japan); the conductivity of the 
electrodes were measured by a standard four-point-probe method at 
room temperature; all the electrochemical tests were performed on a 
CHI 760E electrochemical workstation (Shanghai Chenhua, CHN) at 
room temperature. The static contact angle tests were measured by the 
Easy Drop contact angle measuring instrument (Germany Klus Limited). 
Infrared spectrum was tested on a Nicolet Avatar 360 spectrophotom-
eter. Specific surface were measured by Micromeritics ASAP 2460. The 
thickness of the films were measured by spiral micrometer. The weight 
was measured by the electronic balance (BSA224S of Sartorlus). 
3. Results and disucusions 
3.1. Basic properties of electrodes 
The electrode papers were prepared by an easy operation of mixing, 
pouring and drying (Fig. 1a). Table 1 shows the composition and 
properties of the fabricated electrodes. The conductivity of the film 
electrode slightly decreases from 5.0 Scm  1 of electrode A to 1.85 Scm  1 
of electrode I with the presence of PEG and the increasing of PANI 
content. Too high PANI content in electrode J results in the film cracks. 
All the electrodes have good conductivity and may be completely in-
dependent of current collector. 
By adjusting the ratio of the amount of pouring liquid to the area of 
the mould, the flexible electrode films range from 30 to 200 μm in 
thickness. Moreover, it can be cut by scissors, knives or laser into any 
shapes just like paper (Fig. 1b). The flexible electrode sheet has good 
flexibility, and the bending diameter dr of the film is smaller than 1 mm 
(Fig. 1b). From the above manufacturing process, the flexible electrode 
is convenient for large-scale production and easy to machining for its 
good cutting performance. 
Fig. 1. a) Electrode paper fabrication process. b) The photo of cut (by scissors) and bended electrodes film. c, d) The CV curves of electrodes A, B, C, D at a scanning 
rate of 0.02 V s-1. e) The CV curves of C and D electrodes after different immersion time at a scanning rate of 0.02 V s-1 
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Fig. 2, shows the typical SEM images of the film electrodes. All the 
electrodes show a porous structure with the specific surface area of 
about 3–5 m2 g-1 (Table S1). It will offer channels for the electrolyte to 
permeate into electrodes when they are immersed in electrolyte. How-
ever, the success of permeation also largely depends on the hydrophi-
licity of the electrode. To explore the effects of PEG on the hydrophilic 
character and wetting behavior, the contact angle and surface wetta-
bility of five electrodes are compared (Fig. S2), and the differences in the 
electrode properties are explained and revealed from the change of the 
contact angle. The contact angle data shows the beneficial effect of PEG 
to the electrode infiltration. As we know that PVDF is hydrophobic, and 
PEG is hydrophilic. When PEG is added in electrodes, the electrodes 
provide lower contact angle and higher specific surface area (Table S1, 
electrode B, D), indicating they become hydrophilic and more porous. 
The contact angle of the surface of the electrode D is 58.1 �, about 60 �
lower than that of electrode A, which without adding PEG (Fig. 2a, d) 
and it is much easy for the electrolyte permeating in the electrode D from 
the side with the contact angle of 58.1 �. Meanwhile, because of the 
rough surface and capillary phenomenon, this hydrophilic effect will be 
further aggravated. Although the main body of material is PVDF, but the 
hydrophobicity of electrode has changed fundamentally because of the 
addition of PEG. PEG greatly reduces the difficulty of electrolyte infil-
trating into the electrode, and it is beneficial to the interaction between 
electrolyte and active material. By this way, the capacitance 
performance of the electrode can be evidently improved. 
4. Electrochemical performance of single flexible electrodes 
The electrode A could be considered as a kind of non-intrinsic 
conductive plastics and it has very low capacitance. Fig. 1, shows the 
CV curves of electrodes A, B, C, D. With the addition of PEG, the 
capacitance of the electrode B is obviously increased by comparing with 
electrode A (Fig. 1c, more than 3 times of electrode A). This can be 
attributed to the hydrophilicity of PEG, which enhances the wettability 
between the electrolyte and the porous electrode. However, by adding a 
certain amount of PANI, the properties of the electrodes are significantly 
changed (electrode C is more than 16 times of electrode A), since PANI 
acts as an active component (Fig. 1d). The galvanostatic charge/ 
discharge (GCD) curves of electrodes with PANI are not linear, which 
also indicates the pseudo capacitive performance contributed by PANI. 
The performances of the electrodes are significantly improved with the 
addition of both PANI and PEG. This result further indicates that the 
wettability between the electrolyte and the porous electrode has sig-
nificant impacts on the electrochemical performance of the electrodes. 
Fig. 1e, shows that the capacity of electrode C (without PEG) increases 
with the increase of soaking time. With the extension of immersion time, 
the electrode is continuously infiltrated by the electrolyte; correspond-
ingly, the capacity of the electrode also increases. However, even after 
Table 1 
The formula of the fabricated electrodes (wt %) and their appearance and conductivity.   
PVDF [%] Acetylene black [%] PANI [%] PEG [%] Appearance integrity Conductivity [Scm  1] 
Electrode A 75.0 25.0 0 0 perfect 5.00 
Electrode B 62.5 20.8 0 16.7 perfect 3.03 
Electrode C 73.0 24.0 3.0 0 perfect 3.33 
Electrode D 61.5 20.5 2.0 16.0 perfect 2.56 
Electrode E 61.5 20.5 4.0 14.0 perfect 2.00 
Electrode F 61.5 20.5 6.0 12.0 perfect 1.61 
Electrode G 61.5 20.5 8.0 10.0 perfect 1.33 
Electrode H 60.0 20.0 10.0 10.0 complete 1.92 
Electrode I 58.5 19.5 12.0 10.0 some small holes 1.85 
Electrode J 57.0 19.0 14.0 10.0 cracks /  
Fig. 2. SEM image of a) Electrode A (face to air), b) Electrode B (face to air), c) Electrode C (face to air), d) Electrode D (face to air), e) Electrode D (section), f) 
Electrode D (face to glass). The upper right corner in a) and d) is the contact angle of surface of electrode A and D (face to air). 
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prolonged immersion time to 84 h, the capacity of electrode C (without 
PEG) is lower than that of the electrode D (containing PEG) at the 
beginning, even though the content of polyaniline in electrode C is 50 % 
higher than that of electrode D. The electrode D reaches the maximum 
capacity so quickly that the change of capacity is difficult to observe 
when it is immersed in electrolyte. This suggests that PEG is important to 
the electrodes. The hydrophilic character and wetting behavior of the 
electrodes play a very important role in their electrochemical 
performance. 
The GCD curves of electrodes with different contents of PANI were 
obtained by measuring the constant current charge-discharge at the 
current of 1.04 mA (current density: 2.0 mAcm  2). The results were 
shown in Fig. 3a. All the electrodes were 4 � 13 mm in size. 
Due to the characteristic of casting method, the electrodes obtained 
show some variation in thickness. Obviously, the thickness of the elec-
trode has a direct influence on the capacitance of the electrode, so it 
must make a thickness correction here and convert them into the 
thickness of 100 μm. On other hand, it means that in view of the 
thickness, it could calculate the areal capacitance of the electrode. 
Moreover, through the calibration calculation of the thickness 
mentioned above, it is shows that the purpose of increasing the surface 
capacitance of the electrode could be achieved by increasing the thick-
ness of the electrode appropriately. 
Then, the areal capacitance (Ca), the areal energy density (Ea) and 
volume capacitance (Cv) of the electrode with each content of PANI 
could be obtained under uniform thickness (100 μm). The capacitance 
per gram of PANI (Cm) in this system can be approximately obtained. 
The data in Table 2 were calculated by using the following equations 
[28]: 
Ca¼
It
sðΔV   IRÞ
�
h0
hi
(1)  
Cv¼
It
vðΔV   IRÞ
(2)  
Cm¼
Cv
ρ�p (3)  
Ea¼Ca � ΔV2
�
ð2� 3600Þ (4) 
Here, I is the charge  discharge current, t is the discharging time, s 
and v are the area and volume of the electrode. ΔV represents the po-
tential range of the working electrode, and IR represents the voltage 
drop upon discharging caused by internal resistance of the system. hi is 
the thick of the electrode (μm), h0 is 100 μm. ρ is the density of the 
electrode, p is the weight percentage of the PANI in the electrode. The 
surface area calculated by surface capacitance is the maximum projec-
tion area of the electrode, and the voltage drop IR of electrode discharge 
is about 0.02 V. 
It can be seen form Table 2 that the flexible electrodes fabricated by 
this method exhibit high areal capacitance. When the content of PANI is 
12 % (electrode I), the areal capacitance of the electrode can reach 
890 mFcm  2. This value is much higher than that obtained by only using 
PANI as the active substrate of the flexible electrode [10,14,29,30], 
exception of those with special PANI hydrogel [31] or PPy hydrogel [32] 
as a flexible electrode, which show the highest areal capacitance. 
Furthermore, electrode I also shows high volumetric capacitance of 89 
Fcm  3. At first glance, this value seems not very high. However, 
considering this values is calculated based on the whole electrode 
(including the electrode matrix, the current collector and the active 
material), instead of calculating active substances only [10,14,33], it is a 
very promising result. 
Moreover, in order to get a rough utilization efficiency of polyaniline 
in electrodes, and to make a simple analogy with the results obtained by 
other methods that the volume capacitance (Cv) of the electrode is only 
calculated the active layer, the mass capacity of polyaniline in electrodes 
need to be estimated. Based on the weight percentage of PANI in the 
electrode, the highest Cm that calculated only by the weight of active 
substance PANI in the electrode F is about 798 Fg-1 (the density of the 
electrodes is approximate 1.0 gcm  3), which is close to the theoretical 
capacitance value of PANI (~750 Fg-1) [34,35]. The slight higher than 
theoretical value may be attributed to the capacitance contribution of 
AB. All the other electrodes with PANI also exhibit high specific 
capacitance (about 700 Fg-1). This suggests that the very high utilization 
of active material PANI (utilization > 90 %) can be realized by this 
strategy. 
The capacity of the electrode can be approximately considered to be 
caused by the small amount of polyaniline inside the electrode. The 
mass-capacity ratio of polyaniline in these electrodes can be approxi-
mately calculated by weighing the mass of the electrode (or by 
combining the volume and density, but here we chose the volume and 
density) and the mass percentage of polyaniline in the electrode. 
In this electrode, the substrate, the current collection and the active 
substance surround each other and could not be distinguished from each 
other in macroscopically. The percentage of AB of this electrode is much 
higher than the ordinary PANI supercapacitor. High concentrations of 
AB set up a good network of electrification in the electrode, and the 
active material (PANI) is surrounded by sufficient amount of AB. 
Meanwhile, PANI also has a certain solubility in DMF, which is used as 
dispersion medium for casting film electrode, so the mixture of them can 
reach a uniform state, and the contact between them is comprehensive 
and sufficient. The superior electrochemical performance of the PVDF- 
AB-PEG-PANI composite electrode can be ascribed to its unique struc-
ture providing high electron and ionic conducting channel which facil-
itating the oxidation and reduction of PANI. 
Comprehensive consideration of PANI ratio, electrochemical per-
formance and other factors, we chose electrode F for in-depth study. 
Fig. 3b, shows the CV curves of electrode F at different scanning rates. It 
is the typical peaks for PANI redox. It shows that both oxidized and 
reduced current increases with increasing the scan rate. Fig. 3c, shows 
Fig. 3. a) GCD of electrode D, E, F, G, H, I with different contents of PANI. b) CV of electrode F at different scan rate. c) GCD of electrode F with different surface 
current density. 
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the GCD curves of electrode F at different current density. The non-linear 
feature of the GCD curves also indicate the pseudo capacitive perfor-
mance contributed from PANI. The electrode exhibits good rate per-
formance. At the current density of 1.0/2.0/3.0 mAcm  2, the 
capacitance is almost the same. When increasing the current density to 
4.0 mAcm  2 or 6.0 mAcm  2, it can retain 95.3 % or 90.8 % of the 
capacitance at 1.0 mAcm  2. Due to the high utilization of active mate-
rial PANI, a high areal capacitance of 478.8 mFcm  2 is obtained for 
electrode F although the PANI contain in the electrode is only 6 %. 
Fig. S3, shows the AC impedance of electrode F from 0.01 to 100000 Hz. 
The PVDF-AB-PEG-PANI composite film electrode (electrodes F 
4 � 13 � 0.035 mm) also shows good cycling stability with capacitance 
retention (R5000C/D) of 72.5 % after 5000 charging/discharging cycles 
(Fig. 4e), and in the last 1000 cycles (4000–5000), there is only two 
percentage points of decline. Although its capacitance retention is not as 
high as those with special treated PANI (such as electropolymerization 
Figure 4. a) CV curves of assembly made by electrode F. b) GCD curves of assembly made by electrode F. c) CV curves of three components connection in series and 
parallel at the 20  mV s-1. d) GCD curves of three components connection in series and parallel at the current of 0.24 mA. e) Capacitance retention of electrode F in 
5000 cycles/demo of lighting up LED. f) Capacitance retention of 1000 times folding/the photos of devices and the process of folding device. 
Table 2 
Capacitances of the electrodes.  
Electrode PANI [%] Thick [μm] Discharge time@2 mAcm  2 [s] Ca [mFcm  2] Cv [Fcm  3] Cm [Fg  1] Ea [μWhcm  2] 
D 2 100 50.0 128.21 12.82 641.03 11.40 
E 4 120 146.0 311.97 31.20 779.91 27.73 
F 6 100 186.7 478.72 47.87 797.86 42.55 
G 8 120 274.0 585.47 58.55 731.84 52.04 
H 10 90 254.1 723.93 72.39 723.93 64.35 
I 12 110 382.0 890.44 89.04 742.04 79.15  
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and nano-fibrosis treated PANI and so on [36–38], whose capacitance 
retention rate is higher than 90 % after 1000 cycles), it is still a very 
promising result, considering the used PANI can be synthesized in large 
scale by a conventional and simple method. The large scale synthesized 
untreated PANI normally shows low specific capacitance (about 
300 Fg-1) and poor cycling stability (capacitance retention only about 30 
% after 1000 cycles) [39,40]. 
5. Electrochemical performance of supercapacitor device 
assembled with two electrodes 
In order to demonstrate the performance of flexible electrode in 
practical application, electrode D and F are respectively made into two 
types of capacitor components. The CV curves of supercapacitor device 
assembled with film electrodes F (3 � 8 � 0.07 mm) at different scan 
rate are shown in Fig. 4a. It shows the peaks for PANI redox within the 
scan voltage range of 0–0.8 V. An areal capacitance of 342.1 mFcm  2 
and 304.1 mFcm  2 were obtained at 0.4 mAcm  2 and 2.0 mAcm  2, 
corresponding to 71.5 % and 63.5 % of the capacity of the single elec-
trode, respectively. The lower areal capacitance of assembled super-
capacitor compared with single electrode may be caused by the 
electrolyte used in the supercapacitor, the design and fabrication of 
module. 
In order to further understand the electrochemical properties of the 
components connection in series and parallel, three devices were con-
nected in series and in parallel respectively (Fig. S4). The CV and GCD 
curves of three components (based on electrode F) in series and parallel 
connection were measured. From Fig. 4c and d, the electrochemical 
performance profile of the three components is similar to that of the 
single component, but the voltage range or current size can be about 
three times that of the single component. This shows that it can be easily 
extended in practical application by simple series or parallel connection. 
To prove the practical applications of the flexible supercapacitors in 
energy storage (using electrodes D with the lowest surface capacity in 
Table 2), one device was designed by series connecting four super-
capacitors assembled with film electrodes D. After being charged to 
3.2 V, the device can successfully light up a blue light-emitting-diode 
(LED) (Fig. 4e). 
The flexible supercapacitors assembled with PVDF-AB-PANI-PEG 
film electrodes also exhibit excellent electrochemical stability under 
cyclic deformation (Fig. 4f). After 1,000 times folding-unfolding repe-
titions, only about 2.6 % change in the areal capacitance can be 
observed, and the capacitance retention (R1000F) of 1,000 times folding- 
unfolding is 97.4 %. The excellent folding ability of the designed flexible 
supercapacitors can be attributed to its integrated structural design with 
active materials and conductive additives uniformly distributed over the 
PVDF flexible substrate. 
From the above 1000 folding experiments, this strategy has a great 
advantage in increasing the thickness of the electrode to achieve the 
purpose of increasing the areal capacitance. In some other layered 
structure electrodes, the thickness of the active material layer is 
restricted. Because the active layer may easily peel off when the elec-
trode is fold up, and it is very difficult to increase the thickness to 
improve capacitance. As mentioned above, the thicker of active material 
layer, the weaker interaction between the current collect, the larger 
resistance inside the supercapacitor and the lower efficiency of the 
active material will be. Therefore, the areal capacitance of this super-
capacitor is limited. However, the PVDF-AB-PANI-PEG film electrodes 
can overcome the above problems, and folding does not cause obvious 
shedding. Thus the areal capacitance of PVDF-AB-PANI-PEG film elec-
trodes can be tuned through adjusting its thickness. 
6. Performance evaluation of recycling of PANI film electrode 
It is very important to the environment for the recycle of the 
supercapacitors. After the electrode material is recycled, the original 
material is dispersed to fabricate new electrode. The premise of 
continued recycling is whether the capacitance of the material before 
and after the recovery could be fully used in the new electrodes. If ca-
pacity can be maintained, it is possible to be recycled. From Equation 
(1), it shows that the capacity is proportional to the discharge time. So, 
the capacity retention rate after regeneration can be evaluated only 
comparing the discharge time after each regeneration. The upper part of 
Fig. 5 shows that, in the process of regeneration, the electrode’s 
morphology became more and more scattered, and it didn’t have the 
same shape as the original electrode. However, the appearance is 
consistent with the material distribution of the electrodes in the new 
electrodes during the regeneration process. The PVDF-AB-PANI-PEG 
film electrodes process good recyclability, the lowest capacitance 
retention (RR) is still 97.1 % after 4 times regeneration (Table 3). 
In the process of recovery, ethanol was used as penetrating agent to 
help electrolysis penetrate into the electrode, so that the efficiency of the 
electrode was slightly improved. But with the increase of recycling 
times, the efficiency of the electrode declines may be due to the loss of 
PEG. 
The ability to be modeled and remodeled repeatedly of the recycled 
material is also very important for the reuse of the electrode. During four 
times of dissolution and pouring, the recycled electrode material could 
be easily shaped without obvious difference in morphology (the lower 
part of Fig. 5). Combined with the experiment of electrode capacity 
regeneration and the recycled electrode material remodeling, it in-
dicates that this kind of flexible plastic electrode possess good regen-
eration performance and potentiality of reusing. 
7. Conclusions 
In summary, a new strategy was developed to fabricate flexible 
PVDF-AB-PEG-PANI composite film electrode with unique integrated 
structure and good recyclability by a simple casting method. The flexible 
solid-state supercapacitors assembled with these electrodes exhibit good 
electrochemical performance and folder ability. The hydrophilic char-
acter and wetting behavior of the electrodes have a significant effect on 
the electrochemical performance. The areal capacitance and volumetric 
capacitance of PVDF-AB-PEG-PANI film electrode can reach very high 
level, respectively, when the mass ratio of PVDF:AB:PANI:PEG is 
61.5:20.5:6.0:12. The active substance in the electrode could exert its 
capacity close to the theoretical value. Furthermore, the electrodes 
shows its good capacitance retention. And the flexible solid-state 
supercapacitor assembled with these electrodes also shows good fold-
ability and practical use. More importantly, the supercapacitors based 
on these electrodes also exhibit good recyclability. 
This investigation indicates that homogeneous composite flexible 
electrodes seem to be easier to fabricate thicker electrodes than layered 
one, resulting in higher surface capacitance and higher efficiency of 
active materials. Similarly, homogeneous composite electrodes are 
simpler in terms of recycling and reusing of electrodes. 
As most of the research results would ultimately aimed at industri-
alization and service for production. If it is cheap, easy to produce, 
convenient for recycle and reuse, good performance, simple 
manufacturing process, the laboratory results can easily be converted 
into practical products and used as soon as possible. Attempts to struc-
ture and recycle of the electrodes in this paper perhaps have some 
Table 3 
Capacity retention rate of the electrode after recycle.  
Recycle times Discharge time [s] IR drop [V] Capacity retention rate [%] 
0 187.4 0.02 / 
1 200.9 0.02 107.2 
2 185.8 0.04 101.8 
3 180.9 0.05 100.4 
4 181.9 0.02 97.1  
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practical guidance to us. 
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